Introduction
Direct oral anticoagulants (DOACs) have been licensed for use in the acute treatment and long-term prevention of venous thromboembolism (VTE) as well as stroke prevention in patients with nonvalvular atrial fibrillation (AF). 1 DOACs include the direct thrombin inhibitors such as dabigatran and the factor Xa inhibitors such as rivaroxaban, apixaban, and edoxaban. Vitamin K antagonists (VKAs) such as warfarin and acenocoumarol are an option in VTE prevention and stroke prevention in patients with AF; however, there are many limitations to the use of VKAs: the need for parenteral anticoagulation overlap for the first few days of VTE treatment until the therapeutic international normalized ratio (INR) is achieved, the need for routine clinic visits for INR checks, concerns about food and drug interactions, and the need for perioperative bridging with parenteral anticoagulation. 2 DOACs mediate their effects by direct inhibition of the coagulation factors. In general, DOACs do not require regular coagulation monitoring because these agents have predictable pharmacokinetics with fewer drug interactions and a shorter half-life that leads to rapid elimination from the body. Furthermore, these advantages are not at the expense of efficacy or safety compared with VKAs, and Phase III clinical trials of each of these drugs have shown at least similar outcomes of VTE recurrence prevention, stroke prevention in nonvalvular AF, or thromboprophylaxis after knee and hip joint arthroplasty with lower risks of intracranial bleeding. 3, 4 VKAs act by inhibiting the synthesis of vitamin K-dependent factors (II, VII, IX, X), and vitamin K can be used for the reversal of the VKA effects in cases of bleeding. However, immediate reversal can be achieved with prothrombin complex concentrate (PCC) or fresh frozen plasma. 5, 6 Unlike VKAs, the main limitation of DOACs is the lack of available specific reversal agents. Thus, specific reversal agents for DOACs are urgently needed especially in cases of emergency surgery or life-threatening bleeding.
The nonspecific agents include PCC, recombinant activated factor VII (rFVIIa), and activated PCC (aPCC), as well as hemodialysis for a dabigatran overdose. Specific antidotes include idarucizumab, andexanet alfa, and ciraparantag (PER-977).
This brief review focuses on the currently available data on DOAC reversal, including the nonspecific and specific agents.
Nonspecific reversals
The data about the efficacy of nonspecific reversal agents in DOAC-associated bleeding are scarce. However, the use of nonspecific reversal agents in life-threatening or major bleeding associated with DOACs is reasonable due to lack of specific reversal agent apart from idarucizumab for dabigatran. 7, 8 PCC PCC is derived from plasma; this agent is used to reverse VKAs when there is an urgent need to correct coagulopathies associated with the administration of DOACs. 9 PCC contains vitamin K coagulation factors: the three-factor version contains factors II, IX, and X and the four-factor preparation contains factors II, VII, IX, and X along with varying quantities of protein C and S. The clinical studies in humans have been limited and restricted to healthy volunteers. In three small randomized, placebo-controlled studies, PCC reversed the anticoagulation effects of rivaroxaban and edoxaban, but it did not reverse the effects in patients treated with dabigatran. [10] [11] [12] In 12 healthy volunteers, six received 20 mg rivaroxaban twice a day, or 150 mg dabigatran twice a day in another six healthy volunteers for 2.5 days. PCC infusion (50 U/kg) corrected prolonged prothrombin time (PT) induced by rivaroxaban, while prolonged activated partial thromboplastin time (aPTT), thrombin time (TT), and ecarin clotting time (ECT) induced by dabigatran were not corrected. 10 In an open-label, parallel-group study, comparing three-factor PCC to four-factor PCC formulations in PT reversal, 35 healthy volunteers received rivaroxaban 20 mg twice a day for 4 days followed by 50 U/kg of three-or four-factor PCC infusion. Three-factor PCC reduced mean PT by 0.6-1 second, whereas four-factor PCC reduced the mean PT by 2.5-3.5 seconds. 11 Based on these studies, a dose of 50 U/kg of PCC can be used to reverse the effects of DOACs in patients with severe or life-threatening bleeding. In a randomized crossover trial, 12 healthy volunteers received apixaban 5 mg twice daily for 2.5 days followed by four-factor PCC (25 U/kg) infusion 3 hours after last dose of apixaban. 13 Thrombin generation was increased by 76% at 30 minutes post four-factor PCC infusion. There were no differences in anti-Xa or partial thromboplastin time (PTT) values between four-factor PCC and placebo. 13 In one meta-analysis, 1.4% of patients who received PCC for the correction of a major bleeding episode associated with warfarin developed thromboembolic events. 14 aPCC aPCC is an anti-inhibitor coagulant complex that works as a factor VIII inhibitor bypassing activity (FEIBA). 15 This agent is also derived from plasma and contains activated factor VII along with the nonactivated factors II, IX, and X. It was initially developed to manage bleeding in patients with hemophilia who had inhibitors to factor VIII or IX. Recent studies have elaborated its usefulness as an off-label drug that can be used to reverse the anticoagulative effects in actively bleeding patients. Studies also suggested that aPCC has the ability to reverse bleeding associated with DOACs.
In a series of 127 patients, six patients developed spontaneous intracranial hemorrhage (ICH) secondary to DOAC use and were managed with aPCC at 50 U/kg; none of these patients developed an ICH expansion or thrombotic or hemorrhagic complications. 16 Marlu et al 17 carried out an investigation on 10 healthy volunteers who had been randomly given dabigatran or rivaroxaban. In a dose-dependent manner, aPCC corrected the coagulation parameters that had a correlation with the generation of thrombin (endogenous thrombin potential and thrombin peak). 17 However, these studies were inconclusive because there have been no concrete studies that have evaluated the effectiveness of this agent in the reversal of DOACs.
rFVIIa
This factor was initially developed for the treatment of bleeding in patients with hemophilia who had inhibitors. A dose of 90 mg/kg has been suggested to reverse major DOAC-associated bleeding. 8 However, no clinical studies have evaluated the reversal of DOAC with rFVIIa. Compared to placebo, the off-label use of rFVIIa was associated with an increased risk of arterial thromboembolic events. 
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Hemodialysis for dabigatran
Hemodialysis has been used in the reversal of dabigatranassociated life-threatening bleeding. 19 Dabigatran has a large fraction that is not protein bound and a lipophilic structure which makes it easily dialyzable. Hemodialysis removes up to 68% of dabigatran. 20 Apixaban and rivaroxaban are not dialyzable because they are highly protein bound. 6 Edoxaban is ~50% bound to proteins. However, in an open-label, Phase I, randomized trial conducted to evaluate the pharmacokinetics of edoxaban in 10 patients on hemodialysis, edoxaban 15 mg was given to the patients 2 hours prior to dialysis or in between dialysis sessions. Mean maximum plasma concentrations were comparable in both groups. 21 This study showed that hemodialysis was not an effective method for removing edoxaban from the system.
21

Specific reversal agents
The lack of specific antidotes has been the major limitation against the utilization of DOACs, which encourages physicians and patients to give higher preference to VKAs. The abovementioned data about nonspecific reversal of DOACs do not provide enough evidence to support use in DOACassociated bleeding. Thus, several new specific reversal agents such as idarucizumab, andexanet alfa, and ciraparantag (PER-977) have recently been developed.
Idarucizumab
Idarucizumab is derived from humanized monoclonal antibody segments. It binds to the benzamide moiety in the region between the heavy-and light-chain variable domains via the salt bridge and the hydrophobic and hydrogen bonding. This results in an irreversible affinity that is >350-fold stronger than the one that dabigatran has toward thrombin and thus rapidly neutralizes the anticoagulant effects that the drug generates. 22 This high affinity ensures that the drug binds specifically to dabigatran and not to other thrombin-associated substrates such as von Willebrand factor, fibrinogen, protein C, and factors II, VIII, and XIII; this also ensures that platelet aggregation is not interrupted. As with dabigatran, idarucizumab is excreted by the kidney. In patients with normal renal function, idarucizumab had a half-life of 45 minutes. 23 The potency of this drug has been tested in Phase I and II clinical trials and has been shown to be highly effective in the reversal of dabigatran-associated bleeding. 23, 24 Idarucizumab can reverse the aPTT, TT, diluted TT (dTT), and ECT in a dose-dependent fashion in healthy volunteers and patients with renal impairment. 23, 24 In healthy male volunteers, the administration of idarucizumab had no effect on the coagulation profile, suggesting that idarucizumab was likely a non-prothrombotic agent. 25 The RE-VERSE AD (Reversal Effects of Idarucizumab on Active Dabigatran) is an ongoing Phase III prospective trial investigating two groups of dabigatran-treated patients: group A patients required reversal because of severe bleeding and group B patients required reversal because of an urgent intervention. 26 Idarucizumab was administered at a dose of 5 g divided into two 2.5 g intravenous boluses over 5-10 minutes. 26 The primary outcome is the maximum percentage reversal of the dabigatran anticoagulant effects within 4 hours of the intravenous idarucizumab boluses and is based on central laboratory measurements of the dTT or ECT. The secondary outcome is the time to bleeding cessation in group A and the time to intraoperative hemostasis in group B. The analysis of the first 90 patients investigated in RE-VERSE AD consisted of 51 patients in group A and 39 patients in group B. The median maximum percentage reversal in both groups was 100%. Idarucizumab reversed the coagulation effects in 88%-98% patients with elevated ECT and dTT. The median time to bleeding cessation was 11.4 hours in 35 of the patients in group A. The intraoperative hemostasis was determined to be normal in 33 of the patients from group B and mild to moderately abnormal in three other patients. There was one thrombotic event within 72 hours of the idarucizumab administration, and four events occurred later. 26 A follow-up analysis of RE-VERSE AD includes 494 patients, 298 in group A (patients with severe bleeding) and 196 in group B (patients requiring urgent intervention). 27 The median maximum percentage reversal within 4 hours in both groups was 100% for both ECT and dTT. Idarucizumab reversed prolonged ECT within 4 hours in 81.5% of patients in group A and 83.5% in group B. Normalization of dTT occurred within 4 hours in 98.7% of patients in group A and 98.6% in group B. The median time to bleeding cessation in group A determined by an investigator was 3.5 hours in 97 patients with gastrointestinal bleeding and 4.5 hours in 61 patients with non-gastrointestinal and non-intracranial bleeding. There were 35 thrombotic events occurred in 31 of 494 (6.3%) patients at 90 days. 27 In October 2015, idarucizumab received US Food and Drug Administration (FDA) approval for use in patients with dabigatran-associated bleeding in cases of emergency procedures or of life-threatening or uncontrolled bleeding (Table 1) . 
Andexanet alfa
Andexanet alfa is a specific antidote for direct (rivaroxaban, apixaban, and edoxaban) and indirect factor Xa inhibitors (low molecular weight heparin and fondaparinux). It has the potential to reverse the anticoagulant effects that specifically target activated factor X since it is a modified human recombinant form of factor X. This drug binds to factor X inhibitors with the same affinity as the activated native factor X. 28 In animal bleeding models, andexanet reversed the anticoagulation effects and reduced blood loss. 29 In Phase II studies in healthy volunteers, the researchers found that an intravenous andexanet bolus reversed the effects of factor Xa inhibitors (rivaroxaban, apixaban, and edoxaban) in a dose-dependent manner. 28, 30 Based on these data, a two-part randomized placebocontrolled trial, ANNEXA (Andexanet Alfa, a Novel Antidote to the Anticoagulation Effects of FXA Inhibitors), was performed in healthy volunteers treated with apixaban (ANNEXA-A) or rivaroxaban (ANNEXA-R). 28 A total of 145 participants on apixaban or rivaroxaban were assigned to either andexanet or placebo. Each trial was conducted in two parts. In ANNEXA-A, an intravenous bolus of andexanet was given at a dose of 400 mg (30 mg/min) in part 1 or a 400 mg intravenous bolus followed by a continuous infusion for 120 minutes at a dose of 4 mg/min was given in part 2. In ANNEXA-R, an intravenous bolus of andexanet was given at a dose of 800 mg in part 1 or a 800 mg intravenous bolus followed by a continuous infusion for 120 minutes at a dose of 8 mg/min was given in part 2. Higher doses of andexanet were used to reverse rivaroxaban compared to the doses used for apixaban because of the higher plasma concentration and larger volume distribution of rivaroxaban. The primary end point was the percent change in factor Xa inhibitor activity from the baseline to nadir. An andexanet bolus reduced antifactor Xa levels within 2-5 minutes in both trials by >90% compared to ~20% with placebo (P < 0.001). Within 2 hours, the anti-factor Xa levels returned to the levels seen in the placebo group; however, the reversal effect was maintained when andexanet was given as a bolus and followed by infusion. No thrombotic or serious events were reported. 28 The efficacy and safety of andexanet alfa are under evaluation in an ongoing Phase IIIb/IV study (ANNEXA-4) for patients with severe bleeding taking rivaroxaban, apixaban, or edoxaban. In a preliminary report of the ANNEXA-4 trial, patients who had taken apixaban or rivaroxaban for >7 hours before the administration of andexanet alfa received a dose of 400 mg bolus followed by 480 mg infusion over 2 hours, 31 and patients who had taken enoxaparin, edoxaban, or rivaroxaban within 7 hours or at an unknown time received a dose of 800 mg bolus followed by 960 mg infusion over 2 hours. An independent committee determined the hemostatic efficacy on the basis of predefined criteria. Of 47 patients in efficacy population, 37 had excellent or good hemostasis (79%; 95% CI, 64%-89%). Of 67 patients in safety population, 12 had thrombotic events (18%) within 30 days after andexanet alfa was administered. The thromboses included one myocardial infarction, five strokes, seven deep vein thrombosis, and one pulmonary embolism. 31 
Ciraparantag (aripazine; PER977)
Ciraparantag is a synthetic water-soluble molecule that has been developed to form strong noncovalent bonds and large complex molecules that bind heparin, direct factor Xa inhibitors, and thrombin inhibitors. 32 In animal bleeding models, reversal of the anticoagulant effect was observed by a reduction in blood loss. Ciraparantag reversed the effects of direct factor Xa inhibitor in a dose-dependent manner in ex vivo human blood without an observed procoagulant effect. 33 In a Phase I study on 80 healthy volunteers, ciraparantag was administered intravenously as a single dose (100-300 mg) after a dose of edoxaban. The anticoagulation reversal was assessed by the whole blood clotting time that 
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Reversal of direct oral anticoagulants was reduced to ~10% of baseline in 10 minutes with 24 hours of sustained effect. 34 Ciraparantag is under evaluation in a Phase II clinical trial investigating reanticoagulation with edoxaban and a second reversal with ciraparantag. 35 
Conclusion
DOACs carry a risk of bleeding as with all antithrombotic therapies. Nonspecific reversal agents have been used in clinical practice, mainly in DOAC-related major bleeding, and to reverse the effects in urgent interventions. Idarucizumab is an FDA-approved agent to reverse dabigatran effects. Currently, andexanet alfa and ciraparantag are under development as specific reversal agents. In DOAC-related bleeding, the improvement from specific reversal agents still needs to be evaluated.
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